It is well known that α-lipoic acid (LA) functions as an essential cofactor of the mitochondrial multienzyme complex and thus plays an important role in energy metabolism. Currently, it is attracting attention as a nutritional supplement because of its unique antioxidant properties and broad spectra of cellular functions. Skin protection from photodamage and aging is one of the functional applications of LA. Medical and cosmetic application has been widely realized in the world. However, LA has a unique structure bearing a distorted five membered 1, 2-dithiolane ring, making it quite vulnerable to UV radiation. In the present article, we briefly reviewed skin aging from the viewpoint of oxidative stress and sun exposure, and discussed related the photochemical properties of LA. We further discuss the effect of LA on cellular signaling and its adequate applications to treat skin aging caused by oxidation. Data presented in this review suggest that LA is a powerful anti-aging agent under the appropriate usage.
Introduction
α-Lipoic acid (LA) functions as a cofactor of the mitochondrial multienzyme complex and thus plays a key role in energy metabolism. LA has attracted attention as a medicine and nutritional supplement because of its unique antioxidant properties [1] [2] [3] .
LA is also used in cosmetics where it is smoothly decomposed to afford many products, often for topical applications [4, 5] .
LA has a distorted five membered dithiolane ring chromophore. This characteristic dithiolane ring structure is responsible for its antioxidant activity; however, the structure is unstable because it can absorb light around 333 nm. In contrast, linear disulfide amino acids such as cysteine which does not absorb light at wavelengths > 300 nm is stable under ultraviolet (UV) irradiation [4] [5] [6] . LA is also quite vulnerable to thermolysis, partially because of its low melting point [6] . As LA shows diverse actions depending on its cellular concentration [7] , it is therefore difficult to reproduce the expected action of LA in vivo. For instance, in photoaging, exposure of the skin to UV radiation results in inflammatory reactions, DNA damage, immunosuppression, and skin cancer. Photoaging always comprises a risk of photocarcinogenesis. There appears to be 5 a delicate balance between the deleterious effects of cytokines leading to photoaging and their beneficial effects in ameliorating UV irradiation-caused damage [8] .
Modulation of cytokine networks and signaling pathways by LA may contribute to the induction of skin cancer, thus its mechanism of action needs to be studied extensively before being adopted for widespread use. In this article, we review the photochemical reaction of LA and its potential applications as an anti-aging skin treatment.
Skin aging
To establish the long term and safe use of LA, it is quite important to fully characterize its chemical behavior. Although LA is known to function as a potent antioxidant, it is also reported that LA itself is subjected to photochemical reactions under certain conditions. When the photochemical reaction is carried out in the presence of a photosensitizer (e.g. methylene blue) to produce singlet oxygen, LA readily reacts with the singlet oxygen to produce S-O, and S-O 2 compounds [9] (Fig. 1) .
The formation of these oxidized products suggests that a direct reaction occurred between LA and singlet oxygen, and thus indicates that LA is also a quencher of singlet oxygen.
In recent decades, society as a whole has significantly aged as medicine has advanced.
Many people are concerned about aging, especially the appearance of skin aging.
Cosmetic therapies for skin show incredible improvement in both surgical and medical treatments [10] . Although the mechanism of aging is still under discussion, there have been two major theories regarding the process. Aging is thought to be a multifaceted process characterized by genetic and epigenetic changes in the genome [11] . Genetic aging is affected by age-dependent changes in certain chromosomes. Accumulation of genomic mutations occurring during the process of DNA repair with age remains the leading cause of genomic instability. In contrast, epigenetic aging depends on environmental stresses such as UV rays, temperature and infection.
These theories also apply more specifically to skin aging however it is differently defined as having two processes, chronological aging and sun exposure-related aging 7 [12] . Chronic exposure to UV radiation causes diverse changes in skin composition and various direct and indirect effects. Wrinkles, pigmentation, and atrophy are clinically characterized. Histological alteration is specified by degenerative elastic fibers in the dermis, called actinic elastosis. The aging caused by chronic sun exposure is termed photoaging, which results from intrinsic as well as extrinsic processes [13] .
Oxidative stress in skin aging
Reactive oxygen species (ROS) produced in various situations play a critical role in the aging process. Skin is constantly exposed to stress, including sunlight and oxygen in the air. Although the action spectrum for photoaging has not been determined, UVA and UVB rays are the major factors which directly or indirectly damage the skin. UVB photons, having higher energy (1000 times more) than UVA photons, tend to damage skin even in a short-time exposure [14] . Previous studies demonstrated that UVB induces DNA damage such as production of pyrimidine dimers and other photoproducts determined at the sequence level [15] , and also generates 8-hydroxydeoxyguanosine (8-OHdG) production through ROS in mouse keratinocytes 8 [16] . UVB plays the main role in sunburn and photocarcinogenesis following sun exposure. In contrast, UVA, having longer wavelengths and 10-fold greater abundance than UVB rays, can penetrate into the deep dermis to cause skin aging [14] . Large amounts of UVA exposure also damage DNA with a similar mechanism to UVB [17] .
Fifty percent of UV-induced damage is presumably due to the formation of free radicals irradiation [19] . Herrling et al. directly detected ROS in human skin generated during UV irradiation by using electron spin resonance (ESR) imaging, and showed that UVB acts primarily in the epidermis while UVA is present in the epidermis and dermis [20] .
ROS, which are generated by UV exposure in skin [21, 22] , reduces physiological antioxidant levels such as α−tocopherol (VE), ubiquinol-10 (CoQH2-10), ascorbic acid (VC), and glutathione (GSH) in the epidermis and dermis [23] , and thus impairs the cellular redox system. Overall, these data insist that antioxidant protection is promising 9 against UV-induced aging.
Medicinal and cosmetic applications of LA
GSH is an important water-soluble endogenous antioxidant and plays a significant role in skin aging as the reduced thiol (GSH) and oxidized disulfide (GSSG) couple because of their potent activity in cellular redox regulation [24] ; thus various clinical trials are ongoing to study the impact of increasing the cellular GSH level. The redox property is linked to many physiological processes such as the detoxification of xenobiotics, modulation of signal transduction, prostaglandin metabolism, regulation of immune response, and enzyme activities. Cysteine availability is known as the rate-limiting factor in GSH synthesis [24] [25] [26] . LA is taken up rapidly by the cell and then is reduced to dihydrolipoic acid (DHLA). The DHLA is secreted to the extracellular medium and successively reduces cystine to cysteine. Cysteine, as a precursor of GSH biosynthesis, is taken up into the cells about 10 times faster than cystine and thus enhances GSH biosynthesis. Han et al. revealed that treatment with 100
µM of LA achieved a 45.8% increase of cellular GSH levels, and correlated to the 10 increase of cellular GSH and DHLA in a T-lymphocyte cell line [25] . They also demonstrated that LA (racemic mixture) increases GSH levels in human peripheral blood lymphocytes using flow cytometric analysis [26] . Studies with human cells have provided insights into the mechanism. Sen et al. evaluated the effect of LA on human lymphocyte cell lines at various concentrations and found that a low concentration (no more than 100 µM) of LA is highly effective for increasing both cellular GSH and non-GSH thiols [7] . They also reported that a high concentration (2 or 5 mM) of LA induces apoptosis owing to its fatty acid structure [7] , indicating that careful usage of LA is required for clinical applications.
In addition to this indirect function of LA in improving cellular anti-oxidant potential, there are reports of the free radical scavenging effects of LA both in vitro and in vivo [6] .
For example, Anzai et al. studied the protective effect of LA against ionizing radiation in mice. After the administration of LA (200 mg/kg), the mice were subjected to X-ray exposure (4Gy or 6Gy) and several biochemical parameters were evaluated such as lipid peroxidation, protein carbonyl and total SH content. The administration of LA significantly decreased the formation of malondialdehyde (MDA) in all tissues 11 examined, especially in the brain, whereas measurement of the oxidized protein marker did not show clear evidence for an effect by LA. The authors argued that the observed inhibitory effect of lipid oxidation was mainly due to the free radical quenching effect of LA. At the same time, the X-ray induced decrease of non-protein SH was protected in the presence of LA and thus LA protected radiation induced protein oxidation as previously observed in other experimental systems [27, 28] .
Because of its potent antioxidant potential, LA has been studied for its medicinal and cosmetic benefits to skin. Fuchs et al. found that oral administration of DHLA improved atopic dermatitis, but intradermal injection of R or S-LA did not [29] . Podda et al.
demonstrated that topically applied 5% LA solution could penetrate into the dermis [22] . weeks of treatment. In a randomized, double-blind, placebo-controlled study, efficacy of oral treatment with a tablet containing LA (100 mg) and other antioxidants on skin aging was verified [32] . Forty women with aging symptoms of the skin were involved in the study and results indicated that they showed a significant improvement in skin quality measured as decreases in wrinkles and roughness using both objective and subjective parameters after 6 months' treatment with the tablets (two per day) compared with the placebo.
LA also acts a protective agent against UVB-induced damage. Rijnkels et al.
demonstrated that a single topical application of LA (0.5 µmol/cm 2 ) on pig skin can reduce UVB-radiation-induced oxidative stress and lipid peroxidation thereby reducing apoptosis [33] . In contrast, Lin et al. reported that topical application of 5% LA is ineffective at suppressing UV-induced sunburn cells as evaluated by apoptotic markers in keratinocytes [34] . As mentioned above, LA shows diverse actions in various applications. Although some of the actions (e.g. anti-apoptosis) still need to be clarified, there are many studies supporting the fact that LA works as a potent antioxidant to 13 prevent or improve skin aging. Further efforts are needed to develop advantageous applications of LA together with improving our basic understanding of the mechanism of action including the differential activity of the enantiomers of LA, as generally a racemic mixture of LA has been used in most previous studies. Selective usage of R-LA over S-LA could provide improved therapeutic benefits [35] .
Photochemical reactivity of LA
Although LA has attracted much attention as a potential antioxidant, it is not particularly stable because of its low melting point and the distorted dithiolane ring which absorbs light around 330 nm. For this reason, LA is easily decomposed by UV irradiation [4, 5] . The photodecomposition of LA was first studied in relation to its photosynthetic pathway [36] . Then the chemical reactivity of LA and its photochemical behavior were examined using spectroscopic analyses [37] . In connection with the earlier studies of Calvin et al. [36] , the photochemical reaction of LA has also been carried out in the presence of vitamin B 1 [38] , riboflavin [39] , and aldehydes [40, 41] .
The formation of the photocoupling products produced from the reaction of LA with 14 vitamin B1 [38] can be explained from the metabolic role of LA (Fig. 2) .
Fig. 2
The photochemical reaction of LA itself was also carried out in various solvents and the formation of many polymerized products was reported [4, 5] . Recent studies by
Matsugo et al., however, revealed that the photodegradation of LA by UVA generates DHLA [42] . The formation of DHLA from the reduction of LA needs two electrons thus it does not readily occur unless a certain reducing reagent is available in the reaction system. The formation of DHLA will be also highly dependent on other reactive conditions such as irradiation, solvent type, and temperature if the disproportionate reaction disrupts the formation of DHLA. Bucher et al. reported the results from the laser flash photolysis of LA, and discussed the mechanism based on a quantitative energy calculation [43] , in that the formation of a dithiyl radical and other radical species such as carbon-centered radicals were expected and actually observed in the reaction. The irradiation of UVB light induces the regeneration of LA, and it was 15 suggested that homolytic cleavage of LA to produce highly reactive dithiyl radicals and the following hydrogen abstraction leads to DHLA formation. This reaction is heavily dependent on the amount of initially produced dithiyl radicals and the presence of hydrogen to be abstracted by the dithiyl radicals. When LA is exposed to UVB in the presence of thiol compounds such as cysteine and homocysteine, the decomposition of LA is retarded and instead an increased recovery of LA is obtained [44, 45] (Fig. 3) .
While the UVB irradiation of LA in the presence of methionine did not increase LA regeneration, a mechanism was proposed which involved the intervention of thiyl radical formation and the essential presence of thiol compounds in the reaction. Based on the photochemical properties of LA, a ring-opening polymerization of LA [46] and copolymerization of LA with 1,2-dithiane [47] have been examined.
Photochemical studies of the polymer produced in the thermal reaction of LA with and without 1,2-dithiane revealed that both polymers consisted of an interlocked structure.
Cellular signaling related to the skin anti-aging effect of LA (Fig. 4) The roles of ROS in signal transduction induced by stimuli have been evaluated and there have been much evidence regarding ROS involvement in the pathways [48, 49] . keratinocytes, HaCaT cells [50] . Similarly, the inhibitory effect of LA on p44/42 MAP kinase phosphorylation is observed in human fibroblasts and adipocytes [51, 52] . Those reports where LA is utilized as a scavenger strongly suggest that MAPK is activated via ROS, indicating a signal mediator for NF-κB activation however details of the signaling modifications remain to be clarified. Therefore, we recently demonstrated that UVB and UVC activate an important stress sensitive transcription factor, signal transducer and activator of transcription 3 (Stat3), and the activation is directly through ROS and DNA damage in human keratinocytes and fibroblasts by using cells with xeroderma pigmentosum [53] . In this study, LA inhibited the ROS-mediated Stat3 phosphorylation, but did not affect the Stat3 phosphorylation induced by DNA damage. The actions of LA may occur differentially depending on the cell type and the cellular LA concentration as previously reported [25] . It is still challenging to achieve the expected action of LA in vivo. Avoiding the UV-related skin inflammatory damage by LA, the benefit is always accompanied with risks such as skin cancer. The deleterious effects of cytokines leading to photoaging are not quite distinct with their beneficial effects in 18 ameliorating UV irradiation-caused damage [6] . The anti-aging action brought about by LA treatment may contribute to the induction of skin cancer. In fact, there are no reports of the inhibitory effect of LA on photocarcinogenesis. Careful application of LA for skin aging is desirable to avoid unwanted adverse effects. Further accumulation of basic data is necessary for long and safe use of LA. 
Conclusions
Our results show that LA/DHLA functions as a potent antioxidant and thus is an attractive target of study for applications as anti-aging nutraceuticals and skin preservation agents. To our knowledge, 100 µM of LA appears to be high enough to gain the expected effect while an extremely high concentration should be avoided to limit undesirable side effects. Topical application of LA is quite practical and safe because the concentration can be controlled in the target area and systemic side effects can be avoided. However, LA is not only sensitive to the light because of its 19 characteristic dithiolane structure, but is also quite vulnerable to thermal stimuli and easily decomposed to afford a polymeric material. Thus it is important to find approaches to improve the thermal and photochemical stability of LA such as using a matrix like chitosan [54] . The inclusion of LA in the large molecule such ass chitosan stabilizes the vulnerable features of LA and this methodology may be used for the drug delivery system (DDS) application. As described in this article, the photochemical properties of LA in the presence of a certain thiol compound allows regeneration of LA under photolysis conditions, thereby suggesting another approach for developing improved applications of LA function. Fig.3 
